ABSTRACT Long-held dogma dictates that Þrst instars of Nezara viridula (L.) do not feed, yet recent observations of stylet activity within a food source suggest otherwise. As a cosmopolitan pest of cotton and other high-value cash crops, conÞrmation of feeding by Þrst instars may ultimately inßuence the knowledge on biology and management strategies for this pest. To determine whether Þrst instars feed, newly hatched nymphs were provided sterile green beans (control) or beans infected with a rifampicin-resistant marked bacterial pathogen (Pantoea agglomerans (Ewing and Fife)) of cotton. Insects were exposed to beans for 2 d, and feeding was conÞrmed based on detection of marked bacteria ingested by the insect. Normal bacterial ßora was detected in all insects; however, control insects did not possess the marked bacteria. Of the Þrst instars surviving on infected beans, Ϸ65% possessed the marked bacteria internally. Furthermore, the frequency of insects with marked bacteria was higher in insects collected directly from the bean surface than those that were off the bean at time of collection. Densities of innate and marked bacteria were comparable (both ranging from 10 1 to 10 3 ), suggesting that the marked bacteria did not exclude preexisting bacterial ßora. Marked bacteria were also detected in a subset of second instars, indicating marked bacteria were retained through the molting process after ingesting bacteria as Þrst instars. Our Þndings conclusively demonstrate feeding by Þrst instars and redeÞne the long-held perspective of nonfeeding by Þrst instars. These Þndings may necessitate changes to crop protection strategies against feeding and vectoring of plant pathogens by N. viridula.
The southern green stink bug (Nezara viridula (L.); Hemiptera: Pentatomidae) is a worldwide pest of cotton and other high-value crops (McPherson and McPherson 2000) . In cotton, lint quality is affected by boll-feeding adults of N. viridula and boll rot can occur when the insects introduce pathogens such as Pantoea agglomerans (Ewing and Fife) (Medrano et al. 2009a,b) . In ongoing efforts to further elucidate the relationship between the stink bug and P. agglomerans, preliminary observations indicated that nymphs also ingest P. agglomerans (J.F.E., unpublished data).
During studies examining the potential vector relationship between N. viridula nymphs and P. agglomerans, Þrst instars were observed (J.F.E., unpublished data) with stylets inserted and moving within a green bean (Phaseolus vulgaris L.; Fabaceae). These observations, suggestive of feeding activity, however, were contrary to the long-held dogma that Þrst-instar N. viridula do not feed (Jones 1918; Bowling 1979 Bowling , 1980 McPherson and McPherson 2000; Vivan and Panizzi 2005) .
More recent studies have complicated and contributed to said dogma (Bowling 1980, Lockwood and Story 1986) . Bowling (1980) explicitly stated, "Firststage nymphs did not feed." However, Þrst instars were not examined by Bowling (1980) . An additional complication is presented by Lockwood and Story (1986) who, after comparing weights of Þrst instars provided a wet water wick versus those provided a green bean, concluded that Þrst instars ". . . do not appear to feed but they do drink if water is available." With this conclusion, Lockwood and Story (1986) introduced the concept that "drinking," but not feeding, occurs by Þrst instars. Extraoral digestion by stink bugs involves a complex suite of proteins and amino acids that break down food materials for subsequent ingestion (Applebaum 1985) . For those insects secreting saliva and enzymes to aid in digestion, ". . . the salivary enzymes are subsequently ingested together with partially digested food . . . " (Applebaum 1985) . However, Lockwood and Story (1986) do not explain methodologies used to determine whether Þrst instars were only "drinking" water from a green bean yet excluding partially digested bean material that would have resulted from salivary enzymatic activity during probing of the green bean to "drink" water.
In a thorough review and proposal of terminology to describe feeding and the processes involved during feeding by piercingÐsucking insects, Backus (1988) recommends researchers to "use ingestion, not feeding, when referring to uptake of ßuids into the gut." Citing Smith (1985) , Backus (1988) stated ". . . that Ôuptake of foodÕ (i.e., ingestion) is considered only a single part of feeding in his discussion." Thus, an insect "ingesting" food (or other nutritional resources) would presumably be feeding. Because the commonly accepted generality that Þrst-instar N. viridula "do not feed" has been pervasive in the literature despite evidence to the contrary suggesting "ingestion" (Lockwood and Story 1986) and unpublished data (J.F.E.) indicating insertion of stylets into green beans and stylet retraction and protraction within, it was determined that a conÞrmatory analyses of feeding was necessary. Thus, the objective of this study was to determine whether Þrst-instar N. viridula feed based on the ingestion and subsequent detection of a marker strain of P. agglomerans. Marker bacteria within Þrst instars would reßect ingestion indicative of feeding activity as described by Smith (1985) . Elucidating the nutritional ramiÞcations of ingestion by Þrst instars or whether feeding was required by Þrst instars was outside the scope of our objective.
Materials and Methods
Insects and Marked Bacteria. To establish a colony of N. viridula, wild stink bug adults were collected in light traps during the 2010 production season in the Brazos River Bottom near College Station, TX. These adults were held in BugDorm-1 containers (Model no. 1452, 299-cm 3 cube; BioQuip Products, Rancho Dominguez, CA), and subsequent egg clutches were collected to hatch and maintain the colony. Insects were fed pods of P. vulgaris (5Ð10 per container) and seeds of soybean, Glycine max (L.) Merrill (Fabaceae), and sunßower, Helianthus annuus L. (Asteraceae), in each container. The seeds were provided in a thin layer on inverted petri dish lids (100 by 15 mm). Food items were replaced three times per week. Colony insects were held at constant 29.4 Ϯ 2ЊC and a photoperiod of 14:10 (L:D) h.
During each replacement of food, egg clutches were collected and three to Þve egg clutches were placed in 1.6-liter Mainstays plastic containers (Model no. 22Ð 305; Starplast, New Brunswick, NJ). To provide ventilation to the containers, the lids were modiÞed by cutting a 14-cm-diameter circular hole and subsequently covered with an organza cloth disk (Ϸ15 cm in diameter) that was glued to the lid along the perimeter of the hole using a hot glue gun. Eggs and subsequent Þrst instars were held at constant 29.4 Ϯ 2ЊC and a photoperiod of 14:10 (L:D) h.
The bacterial pathogen used was the rifampicinresistant marked strain Pantoea agglomerans Sc 1-R (Ewing and Fife) (Medrano and Bell 2012 ; hereafter referred to as marked bacteria). Virulence of this strain to cotton was previously demonstrated (Medrano et al. 2009a) . Pathogen cultures were maintained in 30% glycerol and held at Ϫ20ЊC for 1 yr; single colonies of the rifampicin-resistant strain were routinely selected and tested for virulence . Cultures (18 h old) of the marked bacteria were used to prepare independent suspensions of the inoculum in sterile water and adjusted spectrophotometrically (A 600 ϭ 1.0) resulting in 10 11 bacterial cells per millimeter. The inoculum for obtaining pathogen-contaminated green beans (hereafter referred to as infected beans) consisted of 1-ml suspension of the pathogen diluted in 49 ml of sterile water.
Exposure and Detection of Marked Bacteria in Insects. Green beans purchased from a local farmerÕs market were rinsed and sterilized before use. To sterilize beans, batches of Ϸ15Ð25 pods were subjected to 121ЊC for 20 min at 1 kg/cm 2 pressure in a sterilizer (Consolidate Sterilizer Systems, Boston, MA). A sterile scalpel was used to cross-section the pods into Ϸ3-cm sections; bean ends were discarded. Bean sterility was veriÞed using the quality control methods previously described Medrano et al. , 2009a . As the control treatment for this study, sterilized bean sections were dipped in sterile water for 2 min and blotted dry with sterile paper towels. Beans were aseptically placed in a sterile disposable petri dish (60 by 15 mm). To prepare infected beans, sterilized bean sections were subsequently dipped in the marked bacterial suspension for 2 min, blotted with sterile paper towels, and placed individually in a sterile disposable petri dish (60 by 15 mm).
A Þne camel-hair brush was used to place 10 Þrst instars (Յ24 h old) directly onto the green bean section in each petri dish. Because Medrano et al. ( , 2009a demonstrated the reliability in preventing contamination of insects and producing pathogen-free insects provided sterile green beans using sterility control measures described above, only two petri dishes contained sterile beans while eight petri dishes contained infected beans for each trial. Thus, in total, each trial consisted of 20 and 80 Þrst instars exposed to sterile and infected beans, respectively. Three trials were conducted yielding 60 insects as controls and 240 insects that were fed infected beans. All insects were exposed to their respective bean sections for 2 d. Records were made to identify surviving insects that remained on the bean surface or were off the bean at the conclusion of the exposure period (i.e., time of collection). Furthermore, to assess retention of ingested marked bacteria between molts, a subset of Þrst instars (n ϭ 23) fed infected beans and subsequently removed from the bean surface at time of collection were held without food to allow molting to the second instar.
To determine ingestion of marked bacteria by Þrst instars and subsequent retention between molts after the feeding period, surviving insects were surface sterilized to remove external microbial ßora. Each insect was placed in an individually labeled 15-ml sterile round bottom tube containing 70% ethyl alcohol and lightly agitated for 8 min. Insects were then transferred to tubes and rinsed three times with sterile water for 5 min. The surface-sterilized insects were then transferred into a 1.1 ml microtube (one insect per tube) that contained a sterile 4-mm stainless steel ball (SPEX SamplePrep, Metuchen, NJ) and 0.5 ml of KPO 4 buffer (0.1 mol/liter, pH 7.1) to pulverize the insect and produce a homogenate. The microtubes, in strips of eight, were placed in a rack and insects were pulverized using a 2000 Geno/Grinder (SPEX SamplePrep; for 5 min at 1,500 strokes/min). The insect homogenate was 10-fold dilution plated using KPO 4 buffer on Luria Bertani agar (LBA; Difco Laboratories, Detroit, MI) and LBA amended with rifampicin (LBAR; 100 g/ml). The nonselective LBA was used for detection of any culturable microbial fauna within the insect. The selective LBAR prevented propagation of bacteria susceptible to rifampicin, thereby allowing only detection of the marked bacterium (i.e., rifampicin-resistant strain P. agglomerans Sc1-R). After 2 d of incubation at 28ЊC, densities of colony forming units (cfu) were recorded as colony forming units per gram tissue on each medium. The standard detection method was limited in that presence of colonies below 10 cfus/g was not detectable. Raw counts of cfus were converted to Log 10 to categorize ranges of cfu densities as: ND ϭ not detected at Յ10; 10 1 ϭ 10 Ð99; 10 2 ϭ 100 Ð999; and 10 3 ϭ 1,000 Ð9,999. Assignment of ND to count data does not exclude the possibility of ingestion of bacteria; instead, bacteria were not detected below the identiÞed threshold of 10 cfu/g. Determination of feeding was based on detection of the ingested marked bacteria from the homogenate of the surface-sterilized insect.
Statistical Analyses. Detection and Frequency of Feeding by First Instars. The CHISQ option within the PROC FREQ procedure (SAS Institute 2008) was used to test overall measures of association between treatment (control vs. infected beans) and presence of ingested marked bacteria and other bacterial fauna in Þrst instars. Observations were pooled (n ϭ 188) and frequency of insects ingesting marked bacteria and possessing innate bacteria were calculated. Based on the surviving insects receiving infected beans, 117 Þrst instars were collected directly from the surface of the bean and 40 were collected at locations off the bean. Fisher Exact Test within the 2 contingency analysis was used to determine whether insect location (on or off the bean) at time of collection significantly affected the frequency of insects ingesting the marked pathogen. In the 2 contingency table, rows represented collection locations while columns represented presence of marked bacteria (present or absent). Similar contingency tables, controlling for stadia (Þrst or second instars; see ÔRetention of Marked Bacteria Between StadiaÕ), were generated to examine the frequency of insects possessing marked bacteria based on location.
Retention of Marked Bacteria Between Stadia. A cohort of Þrst instars (n ϭ 94) was processed immediately after removal from the infected bean while another cohort of instars (n ϭ 23), also fed infected beans, was allowed to molt to second instars. Fisher Exact test of the CHISQ option within the PROC FREQ procedure was used to determine whether frequency of infection differed between stadia. Stadia were shown as rows and presence of marked bacteria (present or absent) as columns.
Relationship Between Densities of Ingested Marked Bacteria and Innate Bacteria. Densities (colony forming units per gram) of the marked bacteria relative to normal bacterial ßora were examined. Frequency distributions for numbers of insects possessing marked bacterial densities per insect location were examined with location as rows and Log count as columns in 2 contingency tables. Comparisons of densities of marked bacteria and general bacterial ßora between Þrst and second instars were also examined while controlling for insect location with stadia as rows and Log count as columns. Overall frequency distributions for densities of the marked bacteria relative to innate bacteria were examined with the marked and innate bacteria densities serving as rows and columns, respectively.
Results

Frequency of Feeding by First Instars.
Of the Þrst instars fed infected beans, marked bacteria were detected in 64.3% of the surviving insects (n ϭ 157). Conversely, marked bacteria were not detected in any of the control insects (n ϭ 31) that received sterile beans; thus, demonstrating absence of contamination. Because none of the colony insects were maintained under sterile conditions, innate bacteria were detected in all surviving instars (n ϭ 188), which concurs with previous reports (Ragsdale et al. 1979, Esquivel and .
For Þrst instars provided infected beans, a signiÞ-cant association was observed with insects collected directly from the bean more frequently possessing marked bacteria than those collected away from infected beans (Fisher Exact; P Յ 0.0001). The marked bacteria were detected in 84.6% (n ϭ 117) of instars collected directly from the infected bean. In contrast, only 5.0% (n ϭ 40) of instars possessed marked bacteria when collected away from the infected bean. Of insects collected directly from infected beans (n ϭ 117) 44.4 and 40.2% possessed ranges of 10 1 Ð10 2 and 10 2 Ð10 3 cfu/g tissue, respectively. Conversely, only 2.5 and 2.5% of insects collected away from infected beans (n ϭ 40) possessed ranges of 10 1 Ð10 2 and 10 2 Ð10 3 cfu/g tissue, respectively (Table 1) .
Retention of Marked Bacteria Between Stadia. SigniÞcant differences in frequency of insects with ingested marked bacteria were not detected between stadia (Fisher Exact, P ϭ 0.15). Of the Þrst instars processed immediately after collection, 86.2% (n ϭ 94) possessed marked bacteria. Marked bacteria were detected in 78.3% (n ϭ 23) of insects allowed to molt to second instars (Table 1) . Similarly, signiÞcant differences were not observed in frequencies of marked bacterial densities between stadia removed directly from infected beans ( 2 ϭ 0.94; df ϭ 2; P ϭ 0.62). Thus, molting did not affect the frequency of retention or densities of marked bacteria.
Relationship Between Densities of the Ingested Marked Bacteria and Innate Bacteria. Comparison of marked bacteria and general bacterial concentrations revealed no signiÞcant differences in frequencies between bacterial densities in either insects collected directly from the surface of infected beans ( 2 ϭ 0.56; df ϭ 2; P ϭ 0.75) or away from infected beans ( 2 ϭ 2.27; df ϭ 2; P ϭ 0.32). For those insects collected directly from infected beans, increased cfu densities in LBAR (ranging from 10 1 to 10 2 ) corresponded to higher densities in LBA (10 2 Ð10 3 ), suggesting that the innate bacterial fauna was not affected by the presence of the marked bacteria.
Discussion
This study conÞrms feeding by Þrst instars of N. viridula based on the detection of ingested rifampicinresistant marked bacterial pathogen of cotton acquired via a contaminated food source. This feeding behavior is contrary to the long-held dogma that Þrst-instar N. viridula do not feed (Jones 1918 , Lockwood and Story 1986 , McPherson and McPherson 2000 .
In examining whether Þrst instars were capable of "feeding," Lockwood and Story (1986) held Þrst instars without a food source but also provisioned Þrst instars with either a green bean, wick soaked with water, or a dry wick. For the insects not provided green beans, Lockwood and Story (1986) indicated that ". . . the presence of liquid water signiÞcantly increased the weight gain and decreased mortality compared with nymphs without liquids." This observation is understandable given that "nymphs without liquids" have limited, if any, nutritional resources. Nonetheless, Lockwood and Story (1986) state "The addition of a green bean as a nutrient source did not signiÞcantly affect weight gain or mortality." One should note that the statement does not indicate to which treatment they refer to for comparison but, in reviewing the provided graphic, one presumably concludes that the comparison is in relation to the Þrst instars provided a wick soaked with water; otherwise, the graphic does indeed show a signiÞcant weight gain when comparing the green bean diet with those "nymphs without liquids." Further, Lockwood and Story (1986) indicate "The dry weights of Þrst instars provided with green beans did not change signiÞ-cantly with age, indicating that the weight gain is attributable solely to water." However, this conclusion is problematic considering Applebaum (1985) indicates that, for piercingÐsucking insects, ". . . the salivary enzymes are subsequently ingested together with partially digested food . . . . " Thus, the question becomesÑfor those Þrst instars fed green beans, how did Lockwood and Story (1986) differentiate ingested water from other partially digested green bean incident materials that were likely ingested while the insects were "drinking"? For example, our study provisioned a known marked pathogen to Þrst instars and the known pathogen was detected after ingestion. If nymphs only obtain water when feeding on green beans as reported by Lockwood and Story (1986) , the marked pathogen should not have been ingested in our study. Therefore, because the unit of measurement was dry weight, for those insects fed green beans, it seems virtually impossible Lockwood and Story (1986) would have been able to differentiate water from incident materials liberated in the process of extraoral digestion.
In discussing usage of terms such as "feeding" and "ingestion" by piercingÐsucking insects, Backus (2000) indicates that, "In entomological usage, the accepted, modern deÞnition is to take up food into the alimentary canal, past the true mouth . . . "; and that "Many homopterologists use feeding in the narrow sense of the word as synonymous with ingestion or ingesting. . . . , in this narrow sense, feeding construes strictly uptake of ßuids." "Feeding" or intake of nutritional resources by N. viridula involves extraoral digestion of food material and subsequent intake (or ingestion) of liqueÞed food material (i.e., liquid form). As such, the insect "is capable of taking only liquid food" (Drake 1920) . By deduction, ingestion of marked pathogens reßects feeding by Þrst-instar N. viridula.
Feeding has also been alluded to in studies examining vertical transmission of bacteria where Þrst instars were "probing" egg surfaces (Prado et al. 2006 (Prado et al. , 2009 . Similarly, Tillman (2008) reported Þrst instars feeding on peanut leaßets but relied only on visual observations to ". . . ensure that the proboscis was in the leaßet" thereby presuming that feeding occurred. Backus (1988) described multiple phases involved in the feeding process; thus, insertion of stylets into a food source does not necessarily constitute sustained feeding. However, in the current study, feeding was conÞrmed by the physical detection of the ingested marked bacteria; thereby conÞrming and complementing observations of Þrst-instar stylet insertion and movement within a food source. Reportedly, Þrst instars of another pentatomid, Euschistus variolarius (Palisot de Beauvois), do not feed (Parish 1934 ), but the current results may warrant reassessing feeding behaviors of this and other related stink bug species. Processing of samples examining the stink bugÐ pathogen transmission interactions is time consuming and costly. Identifying select samples for analyses would be more efÞcient and economically feasible. Observed higher bacterial concentrations and frequency of infection in insects remaining on the infected beans agree with Hosokawa et al. (2008) where similar patterns of symbiont infections in Megacopta punctatissima (Hemiptera: Plataspidae) were observed in insects remaining aggregated versus those wandering from the infection source. Thus, our observations suggest that researchers can reliably focus on collection of samples directly from treated material to determine ingestion of pathogens by N. viridula nymphs.
Retention of a marked pathogen between stadia of N. viridula has not been previously shown. Here, the retention of the ingested bacteria through the molting process to second instar was conclusively demonstrated. Similar densities of innate and marked bacteria were found between stadia suggesting that the marked bacteria were able to colonize the insect without compromising general bacterial ßora. Later instars also show a propensity to retain marked bacteria between stadia (J.F.E. and E.G.M., unpublished data).
It is currently unclear whether the rifampicin-resistant marked cotton pathogen competitively excludes normal bacterial ßora tissue colonization after ingestion. However, detection of the marked bacteria and general bacteria in similar quantities in each of the stadia suggested that the marked bacteria were able to colonize the insect without compromising the general bacterial fauna. Esquivel and Medrano (2012) also observed similar densities of marked bacteria and innate bacteria in alimentary canal of adults. Therefore, a competitive exclusionary effect for colonizing the insect likely does not exist between the introduced marked bacteria and innate bacterial fauna. demonstrated that cotton boll damage associated with N. viridula is heightened if P. agglomerans Sc 1-R is acquired and transmitted, potentially resulting in entire rot of a boll. Here, we conclusively determined that feeding by Þrst instars on a food source contaminated with P. agglomerans Sc 1-R results in ingestion, colonization, and continued retention of the microbe through molting to second instars. Future studies focusing on N. viridula and vectored pathogens should consider acquisition of a cotton pathogen during early nymphal stages. Currently, efforts are underway to determine if acquisition of this cotton pathogen by Þrst instars continues through to the adult stage.
Our results have signiÞcant implications regarding the biology and ecology of N. viridula, and possibly other related stink bug species. For example, many studies examining adult longevity, reproductive rate, overwintering survival, life tables, temperature dependence and dietary effects, host plant response or resistance to insect feeding, and crop variety evaluations have been conducted without provisioning a food source for the Þrst instars because the stadium was believed not to feed (Jones and Sullivan 1979 , Jones and Brewer 1987 , Panizzi and Saraiva 1993 , Velasco and Walter 1993 , Panizzi et al. 1996 , Noda and Kamano 2002 , Vivan and Panizzi 2005 , Hirose et al. 2006 . Thus, insect Þtness may have possibly been affected in these earlier studies, as Þrst instars were not provided a food source. Our Þndings conclusively demonstrate feeding by Þrst instars and redeÞne the long-held perspective of nonfeeding by Þrst instars. These Þndings may necessitate changes to crop protection strategies against feeding and vectoring of plant pathogens by N. viridula.
